Almost all members of the genus Salmonella differentiate and migrate on semisolid surfaces in a coordinated population behavior known as swarming. Important virulence determinants are coupled to swarmer differentiation in several other pathogenic organisms, collectively suggesting that conditions that trigger swarming in the laboratory may fortuitously promote the cells to enter a robust physiological state relevant to the host environment. Here, we present evidence that expression of two independent cell-cell signaling systems are also coupled to swarmer differentiation in S. enterica serovar Typhimurium. Expression of both pfs and sdiA genes was up-regulated in the actively migrating swarmers compared to their vegetative counterparts propagated in broth or spread plated on the surface of swim, swarm, and solid media. Accordingly, swarmers produced elevated levels of a universally recognized signaling molecule, autoinducer-2, and exhibited increased sensitivity to N-acyl homoserine lactones (AHLs), signaling molecules that Salmonella does not produce. Expression of the rck operon was concomitantly up-regulated in the swarmers in an SdiA-dependent manner only in the presence of exogenous AHLs. In addition to the previously reported adaptive antibiotic resistance phenotype and global shift in metabolism, this work presents another component of the physiological changes that are specifically associated with swarmer differentiation in serovar Typhimurium and not simply due to growth on a surface.
Bacteria are unicellular organisms that can behave independently within a given population but often exhibit coordinated group behavior. This can be achieved by cell-cell signaling mechanisms generally referred to as quorum sensing (5, 37, 42, 54) . Various secreted chemical compounds have been shown to act as signaling molecules, and their accumulation within a given population alters gene expression, ultimately leading to changes in the population's behavior and physiological state. In nature, bacteria often exist in complex communities made up of multiple species, frequently exhibiting temporal and spatial organization (32) . Different species of bacteria are capable of producing and/or sensing the same or different signaling molecules, facilitating intra-and interspecies communication (5) .
Cell-cell signaling systems are typically integrated into other regulatory circuits and are thus capable of exerting and responding to global influences on individual cells within a given population. Such complexity permits coordinated response and adaptation at the community level. A diverse array of signaling molecules has been reported in recent years, including N-acyl homoserine lactones (AHLs) and LuxS-dependent autoinducer-2 (AI-2). AHL communication systems are widely conserved among gram-negative bacteria (19) . The LuxIR system in Vibrio fischeri serves as the paradigm for AHL-based signaling systems, where LuxI synthesizes the AHL and LuxR regulates the transcription of genes for generating luminescence (via luciferase operon) in response to AHL. AHL-regulated bioluminescence and other AHL-regulated genes play important physiological roles in the symbiotic relationship between V. fischeri and its squid host Euprymna scolopes (48) . LuxIR homologues play important roles in the pathogenesis of numerous bacteria and may serve as novel antivirulence drug targets (17) .
AI-2 is often referred to as a universal signal, since many gram-negative and gram-positive bacteria produce the same molecule(s) (55) . AI-2 is a product of S-adenosylhomocysteine metabolism, which is derived from S-adenosylmethionine (SAM) (55) . Pfs, an adenosine nucleosidase, converts S-adenosylhomocysteine into S-ribosylhomocysteine, and LuxS cleaves S-ribosylhomocysteine into homocysteine and 1,2-dihydroxypentanedione, which undergoes spontaneous chemical isomerization to form AI-2. Although several researchers have questioned whether AI-2 is a true communication signal, suggesting that it is simply a common, even toxic metabolite (18, 54) , there is no evidence that 1,2-dihydroxypentanedione is toxic to the cell. Furthermore, luxS mutants exhibit no observable growth defects (44, 50) . Given that all signaling molecules are derived from one form of metabolism or another, it is difficult to clearly distinguish whether a molecule is a metabolite or a true signal, especially if an organism has evolved to sense a common metabolite as a function of sensing the presence of others in a complex community. It is likely that LuxS/AI-2 serves various functions among different organisms from its well established roles as a cell-cell signal in Vibrio spp. and as a metabolite in other organisms (55) .
Salmonella enterica serovar Typhimurium may possess the ability to sense both AI-2 and AHLs (1) . Serovar Typhimurium is one of the organisms in which LuxS was first identified (44) , and later it was demonstrated that AI-2 production is regulated at the level of pfs transcription rather than that of luxS (7) . It was recently reported that serovar Typhimurium recognizes a stereoisomer of the AI-2 signal chemically distinct from that of V. harveyi (35) . AI-2 production is stimulated by glucose metabolism, and its extracellular accumulation peaks during midto late exponential growth (43) . In the postexponential phase of growth, AI-2 is rapidly imported back into the cell by an ABC transporter system encoded by the lsrACDBFGE operon, where AI-2, in a phosphorylated state, is believed to control the expression of the operon (45, 46) . It is speculated that the removal of extracellular AI-2 may represent a sophisticated mechanism for modulating cell-cell signaling events at the population level within a mixed-species community. Serovar Typhimurium also possesses a LuxR homologue, SdiA, but lacks the LuxI-like component (2) , suggesting that serovar Typhimurium does not itself produce AHLs but may respond to signaling molecules produced by other organisms. Indeed, it was recently shown that srgE and the rck operon (pefI-srgDAB-rck-srgC) are regulated by SdiA in an AHL-dependent manner (41) . The rck operon encodes products associated with regulating the production of the plasmid-encoded fimbriae and resistance to complement killing, but the function of srgE remains unknown (41) .
Swarming is a coordinated population behavior associated with surface motility (14) . Population density plays an important role in triggering swarmer differentiation, and migration occurs in groups of cells aligned along their long axis, mimicking multicellular rafts (8, 22) . Accordingly, disruption of cellcell signaling systems in several organisms has been shown to abolish their ability to swarm (4, 24, 30, 38) . However, quorum sensing does not seem to control swarmer differentiation per se but rather influences the migration of already differentiated swarmer populations. In Serratia liquefaciens, quorum sensing regulates the production of an extracellular lipopeptide biosurfactant known as serrawettin (30) . The primary role of serrawettin is to decrease surface tension, where its accumulation provides a slime-like milieu, enabling rotation of flagella for surface movement (21) . Hence, the population density-dependent aspect of the swarming behavior may be limited to the proportional accumulation of extracellular surfactants. Mutations in the sdiA or luxS locus do not affect swarming in serovar Typhimurium (47) , suggesting that neither SdiA nor AI-2 modulates swarmer differentiation.
Besides the motility phenotype, numerous important physiological changes are coupled to swarmer differentiation in several organisms, including expression of important virulence factors (3, 20, 31, 40, 49) . Swarmer differentiation in serovar Typhimurium is coupled to adaptive antibiotic resistance to a wide variety of structurally and functionally distinct classes of antibiotics, including cationic peptides (25, 28) , and a global shift in metabolism from catabolism to anabolism (26) . Expression of type III secretion system genes may also be coordinately regulated with swarming through the regulatory pathways that modulate flagellation (52) . Furthermore, virtually all members of the genus Salmonella are capable of swarming, suggesting that this is an evolutionarily conserved behavior (27) . As part of our ongoing efforts to understand the swarm state of Salmonella beyond the motility phenotype, we explored this coordinated population behavior with respect to the two independent cell-cell signaling systems in serovar Typhimurium. Here, we show that expression of both pfs and sdiA genes are up-regulated in the swarmer population. Accordingly, both AI-2 production and AHL-dependent expression of the rck operon were also stimulated. Importantly, the concomitant regulation of these two cell-cell signaling systems was not observed under surface growth conditions that do not support swarmer differentiation.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. All bacterial strains and plasmids used in this study are listed in Table 1 . For routine culturing, cells were grown in Luria broth (LB) at 37°C with shaking at 200 rpm. Swarm (NBG [nutrient broth with 0.5% glucose], 0.5% agar) and swim (NBG, 0.25% agar) assays were performed as previously described at 37°C (26, 28) . Kanamycin (Sigma) or ampicillin (Sigma) was supplemented at 50 g/ml (wt/vol) or 100 g/ml (wt/vol), respectively, when necessary, and all media components were obtained from Difco unless otherwise noted.
Construction of sdiA, rck, and lsr luciferase transcriptional fusions and 70 reporter. The intergenic region between yecC and sdiA genes was PCR amplified from serovar Typhimurium 14028 by primers PsdiA1 and PsdiA2 and cloned into the plasmid pCR2.1-TOPO as instructed by the manufacturer (Invitrogen). rck is a member of the pefI-srgDAB-rck-srgC operon (16, 34) . The upstream region of pefI, containing the promoter of the operon (41), was PCR amplified from strain 14028 by primers Prck1, containing an XhoI restriction site, and Prck2, containing a BamHI restriction site. The upstream region of the lsrACDBFGE operon was PCR amplified from strain 14028 by primers Plsr1, containing an XhoI restriction site, and Plsr2, containing a BamHI restriction site. The recombinant TOPO vector containing the sdiA promoter and the PCR products containing the rck promoter and the lsr promoter were digested with XhoI and BamHI and subsequently cloned into plasmid pCS26 as previously described (28) to generate the sdiA::lux transcriptional reporter vector pSDIA, the rck::lux reporter vector pRCK, and the lsr::lux reporter vector pLSR. pSDIA, pRCK, and pLSR were individually transformed into strain 14028 or the ⌬sdiA mutant WK2. All PCR primer sequences used in this study are listed in Table 1 . The control 70 promoter (sig70-16) has the sequence 5Ј-CTCGAGAATAA TTCTTTACATTTATGCTTCCGGCTCGTATTCTACGTGCAATTGGATCC-3Ј and was cloned into the XhoI-BamHI sites of pCS26 (28) . This was one of several control 70 -dependent promoters selected from a library constructed with the above sequence with four degenerate positions in the promoter (underlined) (K. Pabbaraju and M. G. Surette, unpublished data). These synthetic promoters reflect RNA polymerase activity and can be used to normalize expression under different conditions, particularly with respect to any possible variation in luciferase-specific activity.
Construction of an sdiA deletion mutant of serovar Typhimurium 14028. An sdiA deletion mutant was constructed using the methods and plasmid systems described by White et al. (53) . A 739-bp fragment, containing 630 nucleotides upstream of the sdiA gene and the first 109 nucleotides of the open reading frame, was PCR amplified from serovar Typhimurium 14028 by primers PsdiA5ЈA containing an EcoRI restriction site and PsdiA5ЈB containing a BamHI restriction site. The PCR product was digested with EcoRI and BamHI and then cloned into plasmid pTZ18R, which is a high-copy cloning vector harboring an ampicillin resistance cassette. The recombinant plasmid was named pTZSDIA5Ј. A 635-bp fragment containing the last 51 nucleotides of sdiA and 584 nucleotides immediately downstream was amplified by PsdiA3ЈA and PsdiA3ЈB. PsdiA3ЈA contains a BamHI restriction site, and PsdiA3ЈB contains a HindIII restriction site. The PCR product was digested with BamHI and HindIII and then cloned into the plasmid pTZSDIA5Ј, generating a fusion with the previously cloned sdiA fragment. The recombinant plasmid was named pTZ⌬SDIA, which was digested with EcoRI and HindIII, and the fragment containing the truncated sdiA gene (i.e., ⌬sdiA) was subsequently cloned into the low-copy suicide vector pHSG415. The recombinant suicide plasmid (pHSG⌬SDIA) was introduced into strain 14028, and those harboring the appropriate deletion in the sdiA gene were screened and confirmed by PCR.
Luciferase assays. One microliter of an overnight culture of serovar Typhimurium 14028 harboring individual luciferase transcriptional reporter systems was spot inoculated on the center of swarm and swim plates and incubated at 37°C for 8 to 9 h (26, 28). Cells were harvested from six discrete regions on the plates (i.e., from the center to the edge of the migrating front) with sterile toothpicks and transferred into microcentrifuge tubes containing 400 l of fresh liquid. Each sample was gently vortexed, and luminescence in three 100-l aliquots was measured in clear-bottom black 96-well plates (Nunc) as previously described (26) using the Trilux scintillation counter (Wallac). The remaining cell suspension in each microcentrifuge tube was serially diluted and plated out on kanamycin-supplemented Luria agar plates to estimate the number of CFU in each sample. Each luminescence value (counts per minute) was normalized to 10 8 CFU and is represented as relative light units. Overnight cultures were also diluted 1:1,000 in fresh liquid NBG, and 100-l aliquots (ca. 10 5 CFU) were gently spread plated on swim, swarm, and solid (1.5% agar) NBG plates. Each plate was left at room temperature with the lid slightly ajar until the inoculum was completely absorbed by the medium. All plates were incubated at 37°C, and cells were harvested over time. At a given time point, 2 ml of fresh liquid NBG was added to the surface of each plate and cells were harvested by repeated motion on a tilting platform. Prior to this procedure, swim plates were gently scarred with a pipette tip to facilitate the harvest. Each sample was processed for luminescence and CFU counting and normalized as described above. For broth assays, 10 ml of the same 1:1,000 overnight cultures was transferred into petri plates and incubated at 37°C and processed as described above over time.
Measurement of rck operon activity in response to HHL. Swarm, swim, and solid plates were either spot inoculated or spread plated as described above with wild-type 14028 or WK2 (⌬sdiA) harboring the rck reporter and incubated at 37°C for 4 h. Filter disks impregnated with 200 nmol of N-hexanoyl-homoserine lactone (HHL; Fluka) (20 l of 10 mM stock solution in methanol) or methanol (20 l) were then placed on the surface near the edges of each plate, and the plates were further incubated for 5 to 6 h at 37°C. Cells were harvested with sterile toothpicks from areas surrounding the impregnated filter disks or areas remote from the disks. Luciferase activity and CFU in each sample were measured as described above.
Digital images of the motility plates were captured using the Alpha Imager FluorChem 8900 CCD camera system (Alpha Innotech Corp.) under reflective light. Luminescence images were captured with the same camera system without any exogenous light. Photons emitted by the plates were captured for 5 min. Snowflake-like pixels present in some luminescence images represent background thermal noise.
AI-2 assays with the biosensor Vibrio harveyi MM32. AI-2 production was estimated using the methods described by Surette and Bassler (43) . Swarm plates were inoculated with serovar Typhimurium 14028 and incubated at 37°C for 8 to 9 h until the migrating swarm front nearly reached the edges of the plate. The "flower-like" central portion was physically cut out from the swarm plates using a pipette tip and transferred into a fresh petri dish with ethanol-sterilized microscope slides. The cells from the central portions and the remaining swarmfront portions were harvested with 2 ml liquid NBG as described above. Each cell suspension was gently spun down and resuspended in 1.2 ml liquid NBG to an optical density at 600 nm of 1.0, and two 100-l aliquots were removed for CFU counting as described above. The remaining sample was spun down and resuspended in 0.4 M NaCl (1 ml) for 1 h at room temperature. Each sample was spun down, and the supernatant was filter sterilized. This salt-extracted material is referred to as osmotic shock fluid (OSF). Serovar Typhimurium 14028 was also diluted into broth plates or spread plated onto swim, swarm, and solid NBG plates and incubated as described for the luciferase assays. At each time point, cells were processed for CFU counting and OSF extraction as described above.
Vibrio harveyi MM32 was used as the reporter strain to compare AI-2 levels present in each of the 14028 OSF samples. MM32 does not produce any endogenous AI-2 but possesses the ability to emit light proportional to exogenous levels of AI-2 (15 
RESULTS
Expression of sdiA is up-regulated in the swarmers of serovar Typhimurium, and sdiA is not autoregulated. SdiA is a LuxR homologue which has been previously demonstrated to respond to purified AHLs or to AHL-producing species (41) . A luciferase transcriptional reporter system was constructed to investigate whether sdiA is differentially regulated in the swarming population of serovar Typhimurium. The sdiA::luxCDABE fusion system was introduced into the wildtype strain 14028, and its activity was measured throughout actively migrating swarmer and swimmer populations (Fig.  1A) . Luminescence varied spatially across the swarm plate (Fig. 1B) , suggesting the presence of unique populations. In particular, increased luminescence coincided spatially with areas on the plate occupied by actively migrating swarmer populations (26) . Luminescence was much lower in the central portion of the plate, exhibiting the "flower-like" morphology, which represents mostly undifferentiated vegetative cells (22) . In contrast, luminescence was generally uniform throughout the swimmer population and was at levels similar to those detected in the flower-like portion on the swarm plates (Fig.  1B) . These results suggest that sdiA expression is up-regulated in the actively migrating swarmer population. A recent microarray study reported that most genes in serovar Typhimurium LT2 are similarly regulated when cells are spread plated on swarm or solid plates compared to those propagated in broth (51). To address whether or not the observed differences in sdiA expression was simply due to surfacespecific growth, sdiA::lux activity was measured over time in cells propagated in broth and those spread plated on the surface of swarm, swim, and solid plates. Under these conditions, luminescence values were generally similar between cells propagated on swarm and solid plates, and the maximum values measured under all four conditions (Fig. 1C) were comparable to those of the actively migrating swimmer population and the flower-like portion on the swarm plates (Fig. 1B) . Thus, elevated expression of sdiA in the actively migrating swarmer population is independent from surface-specific conditions.
The spatial expression patterns of sdiA may also have risen simply due to the intrinsic nature of the luciferase reporter system. Oxygen is essential for bioluminescence (33) , thus, reduced activity in the flower-like portion of the swarm plates may be due to relative differences in oxygen tension resulting indirectly from variations in population density. To address this issue, the activity of a 70 -responsive promoter (sig70-16) was analyzed under the same set of conditions applied to the sdiA::lux reporter. This synthetic promoter serves as an internal control for comparing expression profiles of a given gene under various growth conditions (7 and K. Pabbaraju and M. G. Surette, unpublished results). Unlike sdiA, sig70-16 was active spatially throughout the swarm plate, including the flower-like central portion, and its activity was similar throughout the actively migrating swimmer population ( Fig. 2A) . Luminescence in the spread-plated populations remained uniform over time (Fig. 2B) and was comparable to the spatial measurements obtained from the migrating swarmer and swimmer populations. In broth, sig70-16 activity was similar to that of other growth conditions at 4 h and 5 h; however, it was significantly reduced at later time points (Fig. 2B ). This temporal pattern was conserved among all reporters tested in this study, suggesting that the broth environment negatively influences luciferase activity compared to the other growth conditions. Nevertheless, these results indicate that the observed differences in sdiA::lux activity among surface-propagated populations were not simply due to growth condition-specific influences on luciferase activity.
The transcriptional fusion data collectively suggest that sdiA expression is coregulated with swarmer differentiation, but the regulatory elements that modulate its expression are unknown. To determine whether SdiA regulates its own expression, an sdiA deletion mutant (WK2) was constructed in strain 14028 and the same fusion system was introduced into the mutant strain. There were no detectable differences in its activity between the two strains on either swarm or swim plates (with or without AHLs) (data not shown), indicating that sdiA is not Since sdiA expression is up-regulated in the swarmer population, expression of the rck operon should also be coordinately regulated. To test this hypothesis, an rck::luxCDABE transcriptional fusion was constructed and introduced into 14028 and WK2 (⌬sdiA). When spot inoculated in either swarm or swim plates, rck expression was activated by N-hexanoyl-homoserine lactone (HHL) but not by methanol alone (Fig. 3A) . Similar results were obtained when cells were exposed to N-octanoylhomoserine lactone (OHL) (data not shown). No luminescence was detected in the mutant background, regardless of HHL exposure in either migrating swimmer or swarmer populations (Fig. 3A) . In the wild-type background, rck::lux activity was higher in the swarmer population (Fig. 3A) , in accordance with up-regulation of sdiA expression (Fig. 1B) .
To address whether the observed differences can be entirely attributed to growth on the surface, rck reporter activity was monitored over time in cells spread plated on swarm, swim, and solid plates. Similar to the migrating populations, luminescence was detected only in the cell populations that were exposed to HHL (Fig. 3B) . The temporal luminescence patterns were conserved under all conditions tested, with the exception of those spread plated on swarm plates at 5 h. Regardless of the growth conditions, the maximum activity observed in these spread-plated populations did not exceed that detected in the migrating swimmer population. These results clearly indicate that the rck operon is SdiA regulated strictly in an AHL-dependent manner and further support the notion that sdiA is up-regulated specifically in the actively migrating swarmer population.
Expression of pfs is up-regulated in the swarmer population, which coincides with increased AI-2 production under conditions in which the lsr operon is not expressed. AI-2 production in serovar Typhimurium is regulated at the level of pfs transcription rather than that of luxS (7) . Hence, monitoring the transcriptional activity of pfs can indicate changes in AI-2 production. The activity of the pfs::luxCDABE reporter system was compared between migrating swarmer and swimmer populations to examine whether AI-2 production is also differentially regulated. pfs::lux activity was stimulated in the swarmer population, but the spatial pattern differed from that generated by the sdiA reporter. Unlike the sdiA::lux spatial pattern, where elevation in luminescence coincided specifically between the regions divided by the flower-like portion and the actively migrating swarmer population (Fig. 1B) , an increasing gradient of pfs::lux activity was observed within the flower-like portion (Fig. 4A) . Nonetheless, maximum activity was observed within the actively migrating swarmer population and was maintained uniformly throughout, analogous to sdiA::lux activity.
The observed stimulation of pfs expression in the swarmer population was not solely due conditions associated with surface growth, since maximum activity detected in spread-plated populations was comparable to that in migrating swimmer population (Fig. 4B) . To further validate the transcriptional data, AI-2 production was compared spatially within point-inoculated swarm plates and temporally in broth-propagated cells and spread-plated cells on swarm and solid plates. Swim plates were not utilized in this assay, as there is no reliable method for harvesting sufficient amounts of cells for AI-2 extraction. The flower-like portion was physically removed from the swarm plates, and cells were harvested independently from the actively migrating portion (see Materials and Methods). Cells were also harvested over time from broth and spread-plated swarm and solid plates. All samples were shocked in 0.4 M NaCl, as this method was shown to optimize AI-2 extraction while minimizing degradation (43) , thus facilitating the measurement of the samples' maximum capacity to produce AI-2. Osmotic shock fluid (OSF) obtained from each sample was assayed for AI-2 activity using the Vibrio harveyi bioluminescence assay. V. harveyi MM32 is an ideal reporter strain for comparing AI-2 production, since it possesses an intact sensory machinery to bind exogenous AI-2 and transduce the signal to generate light, while being incapable of producing its own AI-2 (15). AI-2 production was significantly higher in the actively migrating swarmer population (Fig. 4C, Front) compared to those in the flower-like region (Fig. 4C, Center) . AI-2 production was also consistently higher in the swarm front compared to cells propagated in broth or those spread plated on swarm and solid plates (Fig. 4D) , the relative differences being similar to those in pfs transcriptional activity (Fig. 4A and B) . These results collectively indicate that the actively migrating swarmer population of serovar Typhimurium possesses a greater capacity to produce AI-2 in a pfs transcription-dependent manner.
Since the lsrACDBFGE operon has been demonstrated to be regulated by AI-2 (46), we examined whether the activity of the lsr::luxCDABE reporter system is also differentially regulated between swim and swarm populations. No detectable activity was observed in either population (Fig. 5A) , indicating that the lsr operon was not expressed under these conditions. Recent studies have reported that transcription of the lsr operon in Escherichia coli is stimulated by the cyclic AMP (cAMP)-cAMP receptor protein complex (50, 56) , and glucose strongly represses its activity accordingly (50) . Consistent with these observations, lsr expression was observed in the same swim medium (NB) in the absence of glucose (Fig. 5B) . In contrast to the standard swim medium composed of NBG (nutrient broth with 0.5% glucose), lsr::lux activity was detectable in LBG (LB with 0.5% glucose), albeit at a markedly reduced level compared to that in LB (Fig. 5B) . These results suggest that expression of the lsr operon in 14028 is also strongly repressed by glucose, potentially due to low levels of cAMP. In addition, lsr expression was spatially localized (at the detectable limit) to the central region of the swim colonies (Fig. 5B) , where the occupying cells are likely exposed to relatively more stressful conditions than those near the outermost regions. Consistent with this view is that expression of the lsr operon is stimulated during the early phase of stationary growth in broth (45, 46) , especially in the absence of glucose (50) . More importantly, the observed increase in AI-2 production in the swarmer population in NBG was not affected by relative differences in the uptake rate of extracellular AI-2.
DISCUSSION
The data presented here on the regulation of two independent signaling systems implies that swarmer differentiation in serovar Typhimurium may be coregulated with a heightened sensitivity for intra-and interspecies communication. This potential was highlighted by the observations that the swarmers possess a higher capacity to generate a universally recognized signaling molecule (AI-2) in addition to increasing their ability to sense the presence of other bacterial species by signaling molecules that they themselves do not produce (AHL). However, as reviewed by Ahmer (1), the physiological roles of these signaling systems in serovar Typhimurium remain largely unknown.
Schneider et al. (39) previously reported that LuxS-dependent AI-2 production in Proteus mirabilis is correlated to the initial stages of swarming and is maintained throughout the migration process. The data presented here are in general agreement with this previous report: pfs activity is elevated in the actively migrating swarmer population of serovar Typhimurium which coincides with elevated AI-2 production. However, the absence of AI-2 production does not have any bearing on swarmer differentiation or migration in either organism (39, 47) . The link between AI-2 production and swarmer differentiation may lie at the level of metabolic differentiation described in actively swarming serovar Typhimurium (26) . Although there is no direct evidence at present, given the metabolic potential of the differentiated swarmers, SAM utilization may also be elevated (since SAM is the primary methyl donor), consequently generating higher levels of AI-2. Elevated de novo biosynthetic pathways and the prerequisite for glucose utilization (26) may indirectly stimulate AI-2 production via elevated pfs expression and repression of the lsr system. Although the physiological role of AI-2 in Salmonella remains to be elucidated, a recent report suggested that LuxS/AI-2 is essential for biofilm formation on the surface of gall stones (36) . Although disrupting the luxS gene does not adversely affect the motility aspect of swarming (47), AI-2 may be intimately associated with the differentiation and/or maintenance of the metabolic state. Analogous to the SdiA signaling system in Salmonella, Pseudomonas aeruginosa does not produce AI-2 but is able to respond to AI-2 secreted by other bacteria. Expression of important virulence genes in P. aeruginosa was shown to be modulated by exogenous AI-2, which overlapped with the expression profiles generated in the presence of the resident oropharyngeal microflora (11) . Thus, increased production of AI-2 in the swarmer population may be geared towards modulating the dynamics of the resident microflora. Under our standard swim and swarm assay conditions (glucose-supplemented nutrient broth), expression of the lsr operon was not detectable. This is consistent with the recent observations that the lsr operon in E. coli is strongly influenced by catabolite repression, where the cAMP-cAMP receptor protein complex directly binds to the lsr operon promoter and stimulates its transcription in the absence of preferred carbon sources (50) . We have observed similar results on lsr expression in Salmonella (A. L. Beeston and M. G. Surette, unpublished results). Accordingly, we showed that the lsr operon is expressed in the absence of glucose in NB or LB swim media. However, it is puzzling that low levels of lsr operon expression were detected in glucose-supplemented LB (LBG). Nonetheless, the observed differences in AI-2 production between the swimmer and swarmer populations were not due to relative on October 23, 2017 by guest http://jb.asm.org/ differences in their ability to internalize extracellular AI-2 but were at the level of AI-2 synthesis. AHL-based cell-cell signaling systems in several organisms contribute to the motility aspect of swarming but do not influence swarmer differentiation. Biosurfactant production is controlled by AHLs in Serratia (12) , Pseudomonas (29) , and Burkholderia (24) species, which is crucial for surface motility. Similar to LuxS and AI-2, SdiA is not essential at least for the mechanistic aspect of surface motility (47) . Here, we demonstrated that expression of sdiA and the rck operon (AHL dependent) were both significantly up-regulated in the actively migrating swarmer population. Although it is not overly forceful to envision that a complex polymicrobial environment such as the gastrointestinal tract may serve as a rich source of AHL signaling molecules, there is currently no evidence that AHLs are produced by the gastrointestinal microflora. In fact, there is only one known report that bears a relatively close mark, wherein several forms of AHLs were detected within bovine ruminal contents (13) . As reviewed by Ahmer (1), the potential physiological role(s) of SdiA may be deduced from the established functions of genes known to be regulated by SdiA, in particular the rck operon. rck encodes an outer membrane protein which confers significant resistance to killing by human complement by interfering with the formation of polymerized C9 tubular membrane attack complexes (23) . When Salmonella Rck was expressed in a nonadherent, noninvasive laboratory strain of E. coli, the recombinant strain was able to adhere to both epithelial monolayers and extracellular matrix proteins, including laminin (10) . Another member of the rck operon is pefI, which encodes a transcriptional regulator of the pef operon (16) . Expression of both pefI and rck genes is controlled by the rck promoter used in this study (34) . The pef operon encodes the components of the plasmid-encoded fimbriae that mediate adhesion to the murine intestinal epithelium (6) . Thus, expression of the SdiA-regulated genes would be beneficial to Salmonella within the gastrointestinal environment, and the observed up-regulation of sdiA and the concomitant regulation of the rck operon in the swarmer population brings the relevance of the differentiated state closer to the milieu of the host environment. To substantiate this potential link, however, the aforementioned physiological attributes associated with the rck operon must be individually assessed in the swarmer population.
The spatial gene expression patterns presented here indicate that the cells occupying the central flower-like region are quite distinct from those actively swarming. This was not entirely due to differences in the relative age of the central population, since expression levels were consistent from the inner edge (i.e., directly proximal to the flower-like region) to the outer edge of the actively swarming population. Moreover, expression of both sdiA and pfs genes in the flower-like portion of the swarm colonies are comparable to the levels expressed throughout the vegetative swimmer population. This is consistent with the view that the cells in the flower-like region on the swarm plates (i.e., undifferentiated and/or dedifferentiated) are phenotypically similar to the vegetative populations propagated in either liquid or swim media (26) . Furthermore, an actively migrating swarmer population does not generally exhibit transcriptional heterogeneity and is metabolically distinct (26) , which was also evident by the absence of spatial pH fluctuations in contrast to the central portion of the swarm colony (47) . Thus, the actively migrating swarmer population, as a whole, is physiologically distinct from the flower-like population.
Wang and colleagues (51) reported that nearly one-third of the functional genome of serovar Typhimurium was differentially regulated when cells were spread plated on either swarm or solid plates compared to those propagated in broth. They clearly demonstrated that growth on the surface represents a physiologically distinct environment compared to that in broth. In this study, we have shown that the two cell-cell signaling systems are stimulated specifically in the actively migrating swarmer population and are not entirely due to adaptation to conditions innately associated with the surface. Spread plating on swarm plates undoubtedly produces differentiated swarmer cells (51) ; however, this approach also inherently leads to a heterogeneous mixture of differentiated and undifferentiated cells (26) . The gradient-like spatial patterns of the pfs reporter within the flower-like portion may be indicative of relative differences in the heterogeneity of the population. As evidenced by the relative homogeneity of transcriptional activity in the actively migrating swarmer population and the clear spatial separation from the flower-like region, the spot-inoculation approach inherently separates undifferentiated or dedifferentiated populations from those that are fully differentiated. We encourage future studies that utilize both experimental approaches to discern physiological changes associated swarmer differentiation and those associated with growth on the surface.
Although we have demonstrated that regulation of the two cell-cell signaling systems is coordinated with swarmer differentiation in serovar Typhimurium, specific regulatory elements and the corresponding mechanisms remain to be determined. We have previously presented evidence that the swarmer population represents a physiologically differentiated state at the level of metabolism (26) . Thus, even in the absence of specific stimuli, systemic changes associated with swarmer differentiation may be integrated to regulatory pathways resulting in the coregulation of genes such as sdiA and pfs as components of the differentiation program. Concurrent to the examples of synchronicity observed between host-related gene expression and swarmer differentiation in other bacteria (3, 20, 31, 40, 49) , global changes in metabolism independent of nutritional inputs (26) , adaptive antibiotic resistance in the absence of overt pressure (25, 28) , and differential regulation of cell-cell signaling systems described here may collectively represent an evolved strategy of serovar Typhimurium and other Salmonella isolates (27) in adaptation to the host environment. Although there is no direct evidence that Salmonella exists in the swarm state in the gastrointestinal environment, ruling out this possibility is not a trivial task. Unlike in Proteus spp., morphological changes associated with swarmer differentiation in Salmonella spp. are not nearly as readily apparent (22, 47) . Further characterization of other components of the swarmer differentiation program should continue to provide fresh insight into a bacterial behavior often viewed as a simple laboratory motility phenotype.
